Introduction
============

Currently, colorectal cancer (CRC) is one of the most lethal tumor types worldwide ([@b1-etm-0-0-8600]). Although there is progress in the clinical treatment of patients with CRC, the overall survival time has not significantly improved in recent years ([@b2-etm-0-0-8600]). Migration, metastasis and invasion of CRC cells are likely factors that lead to increased recurrence and mortality in patients ([@b3-etm-0-0-8600],[@b4-etm-0-0-8600]). Therefore, the identification of the potential molecular mechanisms of action behind metastasis in CRC is urgently required.

Circular RNAs (circRNAs), which are covalent closed loops of RNA ([@b5-etm-0-0-8600]), are reported to serve vital roles in the proliferation and metastasis of tumors ([@b8-etm-0-0-8600]). circRNAs have also been identified as potential biomarkers for the early diagnosis of a variety of tumor types. For example, homo sapien (hsa)\_circ_0000520, which is a novel circRNA biomarker, is involved in gastric carcinoma ([@b13-etm-0-0-8600]), comprehensive circRNA profiling has also revealed that hsa_circ_0005075 is involved in the development of hepatocellular carcinoma ([@b14-etm-0-0-8600]). Additionally, hsa_circ_0013958 has been identified as a circRNA and potential novel biomarker for lung adenocarcinoma ([@b15-etm-0-0-8600]). In addition, circRNAs have been demonstrated to promote the proliferation and metastasis of tumors by sponging miRNA. For example, circRNA-zinc finger RNA binding inhibited cell proliferation and promoted apoptosis in gastric cancer by sponging miR-130a/miR-107 and modulating PTEN ([@b16-etm-0-0-8600]). CircRNA-proteasome 26S ATPase subunit 3 suppresses the proliferation and metastasis of gastric cancer by acting as a competitive endogenous RNA through sponging miR-296-5p ([@b17-etm-0-0-8600]). CircRNA-Filamin-binding LIM protein 1 acts to promote hepatocellular cancer progression by sponging miR-346([@b18-etm-0-0-8600]). The aforementioned studies revealed that circRNAs serve a major role in the tumorigenesis of a variety of tumor types.

In the present study, the expression profile of circRNAs in CRC tissues was examined by analyzing the microarray data from the GEO dataset GSE126094. The results revealed that circRNA_101951 was overexpressed in CRC tissues. circRNA_101951 is a novel circRNA and the biological function and the mechanisms of action of circRNA_101951 are currently undetermined. Therefore, the present study demonstrated that circRNA_101951 promoted migration and invasion of CRC cells by regulating the epithelial-mesenchymal transition (EMT).

Materials and methods
=====================

### Patients and specimens

The 62 pairs of CRC tissues and corresponding adjacent normal tissues (obtained \<3 cm from tumor tissue) were collected from 62 patients (32 males and 30 females; age range, 26-88 years) who had undergone surgery in the Oncology Department of Linyi Central Hospital (Linyi, China) between May 2015 to December 2018. None of the patients received preoperative radiotherapy or chemotherapy and all samples were collected according to the guidelines of the Health Insurance Portability and Accountability Act. Written informed consent was obtained from all patients and the study was approved by the Board and Ethics Committee of Linyi Central Hospital (approval no. 2018120102). To explore the survival of 62 patients with CRC, patients were divided into high and low circRNA_101951 expression groups according to the median expression value (10.75). TNM was conducted as previously described ([@b19-etm-0-0-8600]).

### Cell culture

NCM460, a human colon mucosal epithelial cell line (The Cell Bank of Type Culture Collection of the Chinese Academy of Sciences) and four CRC cell lines (SW620, HCT116, SW480 and HT29) were cultured in DMEM (Invitrogen; Thermo Fisher Scientific, Inc.) supplemented with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) at 37˚C with 5% CO~2~ atmosphere.

### Bioinformatics analysis

The microarray data of the circRNA profiles in CRC tissues and corresponding adjacent normal tissues were collected from the NCBI GEO Datasets (<https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE126094>). After applying a log2 transformation to the data, GEO2R (<https://www.ncbi.nlm.nih.gov/geo/geo2r/>) was used to analyze the normalized microarray data ([@b20-etm-0-0-8600]).

### Small interfering (si)RNA transfections

The si-circRNA_101951 and si-negative control (NC) were synthesized by Sangon Biotech Co., Ltd. The sequences of the si-circRNA_101951 and si-NC were as follows: 5\'-GUCUAGCUUAGAGUCUAU-3\' and 5\'-CAGAUUCGUUAGAGUCUAU-3\', respectively. Lipofectamine^™^ 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) were used in transient cell transfection. siRNA (80 pmol) and Lipofectamine 2000 reagents (6 µl) were diluted using 100 µl Opti-MEM medium (Invitrogen; Thermo Fisher Scientific, Inc.) and incubated for 2 min at room temperature. Diluted RNA and transfection reagents were subsequently mixed and incubated at room temperature for 20 min. The mixture was then added to a 6-well plate that was seeded with 2x10^5^ cells. Further experiments were performed 48 h after transfection.

### MTT assay

The CRC cell proliferation was examined using MTT assays (Sigma-Aldrich; Merck KGaA) following the manufacturer\'s instructions. DMSO was used to dissolve the purple formazan and the optical density value at 490 nm was measured on a microplate reader.

### Colony formation assay

Colony formation assays followed the standard protocols as previously described ([@b21-etm-0-0-8600]). After 2 weeks of incubation at 37˚C with 5% CO~2~, colonies were immobilized using 4% paraformaldehyde (Sigma-Aldrich; Merck KGaA) at room temperature for 10 min and stained with 2% crystal violet (Sigma-Aldrich; Merck KGaA) at room temperature for 5 min. Colonies were subsequently imaged with a camera (Nikon Corporation) and analyzed using IPP Image-Pro Plus 6.0 software (Media Cybernetics, Inc.).

### Cell cycle analysis

Cell cycle analysis was performed according to the standard protocols of the CycleTEST™ PLUS DNA Reagent kit (cat. no. 340242, BD Biosciences) and analysis of the cell cycle were determined using the PI reagent. Cells were counted using the BD Accuri™ C6 flow cytometer (BD Biosciences) and analyzed using FlowJo^®^ 10.4.1 software.

### Cell apoptosis assay

The cell apoptosis assay was performed according to the standard protocols of the BD Pharmingen™ FITC Annexin V Apoptosis Detection kit (cat. no. 556547, BD Biosciences). The extent of cell apoptosis was then detected using FITC and PI reagents. Cells were counted with BD Accuri™ C6 (BD Biosciences) and analyzed using FlowJo^®^ 10.4.1 software.

### Cell migration

Cells were suspended in DMEM medium (Invitrogen; Thermo Fisher Scientific, Inc.) without serum, and then 3x10^5^ cells were seeded into the upper chamber of a transwell insert (8.0 µm; BD Biosciences; 24 well-plate). DMEM medium supplemented with 10% FBS was added to the lower chamber to act as a chemoattractant. The cells were cultured for 8 h at 37˚C with 5% CO~2~. Cotton swabs were used to remove the non-invasive cells on the upper chambers. The migrated cells on the lower membrane surface were fixed in 100% methanol at room temperature for 15 min and washed in PBS three times. Then, the migrated cells were stained using Hoechest 33342 at room temperature for 30 min and imaged using a light microscope (magnification, x100).

### Cell invasion

Transwells (8.0 µm; BD Biosciences) were coated with diluted Matrigel (BD Biosciences) in PBS and dried at room temperature for 1 h. The remaining steps followed the aforementioned protocol for the migration assays.

### Reverse transcription-quantitative PCR (RT-qPCR)

Total RNA was isolated from NCM460, SW620, HCT116, SW480 and HT29, SW480 cell-si-NC and SW480 cell-si-circRNA_101951 cells using TRIzol^®^ reagent (Invitrogen; Thermo Fisher Scientific, Inc.) following the manufacturer\'s protocols. The mRNA expression levels of kinesin II family member 3A (KIF3A), E-cadherin, N-cadherin, vimentin and snail were examined using RT-qPCR. cDNA was synthesized using the qPCR RT kit (Toyobo Life Science) according to the manufacturers protocols. The temperature protocol for reverse transcription was as follows: 37˚C for 15 min and 98˚C for 5 min. The SYBR Green kit (Qiagen AB) was used for quantitative PCR. GAPDH was used for the internal control. The ABI Prism 7500 Sequence Detector (Applied Biosystems; Thermo Fisher Scientific, Inc.) was used for the PCR reactions. The thermocycling conditions were as follows: Denaturation at 95˚C for 30 sec; followed by 40 cycles of annealing at 58˚C for 30 sec and extension at 72˚C for 30 sec. The mRNA expression level was detected using the relative quantitative gene expression method ([@b22-etm-0-0-8600]). The primer sequences used are listed in [Table I](#tI-etm-0-0-8600){ref-type="table"}.

### Western blot analysis

Total protein was extracted from treated cells using IP lysis butter (cat. no. P0013J; Beyotime Institute of Biotechnology). Subsequently, protein concentration was determined by performing a bicinchoninic acid assay assay (cat. no. A53225; Thermo Fisher Scientific, Inc.). Protein (25 µg) samples were subjected to 8-12% SDS-PAGE and electro-transferred to PVDF membranes. The membranes were then blocked with 5% skimmed milk at room temperature for 2 h and incubated overnight at 4˚C with primary antibodies against KIF3A (cat. no. sc-55598; 1:1,000), E-cadherin (cat. no. sc-8426; 1:1,000), N-cadherin (cat. no sc-8424; 1:1,000), vimentin (cat. no. sc-6260; 1:1,000), snail (cat. no. sc-393172; 1:1,000) and GAPDH (cat. no. sc-47724; 1:1,000). All primary antibodies were purchased from Santa Cruz Biotechnology, Inc. The membranes were subsequently incubated at room temperature for 2 h with horseradish peroxidase-conjugated anti-rabbit IgG secondary antibodies against anti-rabbit (cat. no. 7074; 1:2,000) and anti-mouse (cat. no. 7076; 1:2,000). All secondary antibodies were purchased from Cell Signaling Technology, Inc. Detection was performed using an ECL western blotting kit (GE Healthcare) with the ChemicDoc XRS system (Bio-Rad Laboratories, Inc.).

### Statistical analysis

Statistical analysis was performed using SPSS (version 15.0; SPSS, Inc.) and GraphPad Prism 6 (GraphPad Software, Inc.). Student\'s t-test or one-way ANOVAs followed by a post-hoc Tukey test was performed for calculation of statistical differences. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### CircRNA_101951 is upregulated in both CRC clinical specimens and cell lines

circRNAs were initially evaluated in CRC by retrieving the microarray data from the GEO dataset (GSE126094) and normalized microarray data was analyzed using GEO2R after applying a log2 transformation to the data. The microarray data demonstrated that the expression levels of circRNA_101951 were increased in CRC tissues compared with normal tissues ([Fig. 1A](#f1-etm-0-0-8600){ref-type="fig"}). Furthermore, 62 pairs of CRC tissues and normal tissues were collected to detect circRNA_101951 expression levels. The results revealed that circRNA_101951 expression levels were significantly upregulated in CRC tissues compared with normal tissues (P\<0.001; [Fig. 1B](#f1-etm-0-0-8600){ref-type="fig"}). Kaplan-Meier survival analysis indicated that higher expression levels of circRNA_101951 were associated with a lower survival rate in patients with CRC ([Fig. 1C](#f1-etm-0-0-8600){ref-type="fig"}). The RT-qPCR assays demonstrated that circRNA_101951 was significantly upregulated in CRC cell lines compared with NCM460 cells (P\<0.01 or P\<0.001; [Fig. 1D](#f1-etm-0-0-8600){ref-type="fig"}). SW480 cells were selected for further analysis as they exhibited the highest expression of circRNA_101951.

### CircRNA_101951 exerts a tumor-promotive function in CRC

To assess the effect of circRNA_101951 on CRC cells, SW480 cells were transfected with si-NC or si-circRNA_101951. The RT-qPCR assays demonstrated that circRNA_101951 was significantly decreased in SW480 cell-si-circRNA_101951 compared with SW480 cell-si-NC (P\<0.001; [Fig. 2A](#f2-etm-0-0-8600){ref-type="fig"}). The MTT assays revealed that cell proliferation was significantly inhibited in SW480 cell-si-circRNA_101951 compared with SW480 cell-si-NC (P\<0.001; [Fig. 2B](#f2-etm-0-0-8600){ref-type="fig"}). Furthermore, the clone formation ability of the cells was significantly reduced in SW480 cell-si-circRNA_101951 (P\<0.001; [Fig. 2C](#f2-etm-0-0-8600){ref-type="fig"}). Subsequently, the flow cytometry analysis was performed to further detect the effect of circRNA_101951 on CRC cell apoptosis and the cell cycle progression. The results indicated that the rate of apoptosis was remarkably increased when SW480 cells were transfected with si-circRNA_101951 (P\<0.001; [Fig. 2D](#f2-etm-0-0-8600){ref-type="fig"}). The proportion of G1 cells was markedly increased following circ_101951 knockdown and the proportion of cells in the G2 phase was markedly decreased after circ_101951 knockdown, indicating G1 arrest (P\<0.001; [Fig. 2E](#f2-etm-0-0-8600){ref-type="fig"}). Therefore, circRNA_101951 may exert a tumor-promotive function in CRC.

### Downregulation of circRNA_101951 suppresses SW480 cell migration and invasion in vitro

In the present study, the overexpression of circRNA_101951 was indicated to be associated with metastasis, which suggested that circRNA may promote CRC migration and invasion ([Table II](#tII-etm-0-0-8600){ref-type="table"}). To further verify whether circRNA_101951 promoted CRC migration and invasion, cell migration and invasion assays were performed to examine the migration and invasion in CRC cells transfected with si-NC or si-circRNA_101951. The results showed that downregulation of circRNA_101951 significantly inhibited the migratory (P\<0.001; [Fig. 3A](#f3-etm-0-0-8600){ref-type="fig"}) and invasive (P\<0.001; [Fig. 3B](#f3-etm-0-0-8600){ref-type="fig"}) abilities of SW480. Therefore, circRNA_101951 exerted a promotive function on the migration and invasion of CRC cells.

### CircRNA_101951 modulates EMT of CRC cells

The EMT is a critical cellular progress in tumor migration and invasion. Therefore, to detect the effect of circRNA_101951 suppression on EMT pathways, RT-qPCR and western blot assays were performed. It was demonstrated that circRNA_101951 inhibitor decreased the mRNA and protein expression levels of KIF3A as well as mesenchymal marker genes including N-cadherin, vimentin and snail and increased the mRNA and protein expression levels of the epithelial marker gene, E-cadherin (P\<0.05; [Fig. 4A](#f4-etm-0-0-8600){ref-type="fig"} and [B](#f4-etm-0-0-8600){ref-type="fig"}). Thus, circRNA_101951 promoted the migration and invasion of CRC by activating the KIF3A-mediated EMT signaling pathway.

Discussion
==========

CRC development is a complex, dynamic and biological process, and is associated with multiple genes. In addition, a variety of circRNAs have been reported as either oncogenic or tumor suppressive factors. For example, circRNA hsa_circ_000984 promotes colon cancer growth and metastasis by sponging miR-106b ([@b23-etm-0-0-8600]). circRNA hsa_circ_0008039 promotes breast cancer cell proliferation and migration by regulating the miR-432-5p/E2F3 axis ([@b24-etm-0-0-8600]). Hsa_circ_0079530 promotes cell proliferation and invasion in non-small cell lung cancer ([@b25-etm-0-0-8600]). Therefore, it is important to study the molecular mechanisms of circRNAs in CRC.

Recently, it has been demonstrated that circRNAs are useful as molecular biomarkers. For example, hsa_circ_0013958 is a potential novel biomarker for lung adenocarcinoma ([@b15-etm-0-0-8600]), circPVT1 is a potential novel biomarker in osteosarcoma ([@b26-etm-0-0-8600]) and hsa_circ_0005986 acts as a novel biomarker for hepatocellular carcinoma ([@b27-etm-0-0-8600]). In addition, circRNAs also act as a sponge to inhibit the functions of miRNA. For example, hsa_circ_000984 promotes colon cancer growth and metastasis by sponging miR-106b ([@b23-etm-0-0-8600]). Increased circRNA hsa_circ_0012673 acts as a sponge of miR-22 to promote lung adenocarcinoma proliferation ([@b20-etm-0-0-8600]). Hsa_circRNA_0006528 acts as a competing endogenous RNA and promotes human breast cancer progression by sponging miR-7-5p and activating the MAPK/ERK signaling pathway ([@b28-etm-0-0-8600]). In the present study, a novel circRNA, circRNA_101951, was identified and its function was examined. The present study is, to the best of our knowledge, the first report showing that circRNA_101951 promoted cell proliferation, migration and invasion as well as inhibiting cell apoptosis in CRC. In addition, RT-qPCR and western blot assays revealed that circRNA_101951 promoted migration and invasion of CRC by activating the KIF3A-mediated EMT signaling pathway. Therefore, circRNA_101951 exerts a tumor-promotive function and is a promising biomarker for CRC.

In conclusion, circRNA_101951 is upregulated and associated with the migration and invasion ability of CRC cells. In addition, circRNA_101951 may promote CRC cell migration and invasion by activating the KIF3A-mediated EMT signaling pathway. Therefore, the present data revealed that circRNA_101951 may act as a potential biomarker for patients with CRC and provide a novel insight in to a potential therapeutic strategy for CRC.
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![circRNA_101951 is upregulated in both CRC clinical specimens and cell lines. (A) The GEO dataset (GSE126094) showed that circRNA_101951 was significantly upregulated in tumor samples compared with normal samples. (B) circRNA_101951 expression levels were examined using RT-qPCR in CRC samples and normal samples. (C) Kaplan-Meier survival analysis. (D) circRNA_101951 were examined using RT-qPCR in the CRC cell lines HT-29, HCT116, SW620 and SW480 and the normal colonic epithelial cells NCM460. The data shown represents the mean ± standard deviation (n=3). ^\*\*^P\<0.01, ^\*\*\*^P\<0.001 vs. the NCM460 cells. circRNA, circular RNA; CRC, colorectal cancer; KIF3a, kinesin II family member 3A; RT-qPCR, reverse transcription-quantitative PCR.](etm-19-05-3355-g00){#f1-etm-0-0-8600}

![circRNA_101951 exerted a tumor-promotive function in colorectal cancer. si-RNA targeting circRNA_101951 was transfected in SW480 cells. (A) circRNA_101951 expression levels were examined after transfection in SW480 cells using reverse transcription-quantitative PCR. (B) MTT assays were performed to examine the cell viability of SW480 cells after transfections. (C) Colony formation assays were performed to examine the clone ability of SW480 cells after transfection. (D) Flow cytometric analysis were performed to examine cell apoptosis of SW480 cells after transfection. (E) Flow cytometric analyses were performed to examine cell cycle progression of SW480 cells after transfection. The data shown represent the mean ± standard deviation (n=3). ^\*\*\*^P\<0.001 vs. the si-NC group. circRNA, circular RNA; OD, optical density; si-NC, negative control small interfering RNA; si-RNA, small interfering RNA.](etm-19-05-3355-g01){#f2-etm-0-0-8600}

![Downregulation of circular RNA_101951 suppressed SW480 cell migration and invasion *in vitro*. si-RNA targeting circRNA_101951 was transfected into SW480 cells. (A) Transwell assays were performed to examine the cell migratory capacity of SW480 cells following transfection. (B) Transwell assays were performed to examine the cell invasive capacity of SW480 cells after transfection. The data shown represent the mean ± standard deviation (n=3). ^\*\*\*^P\<0.001. si-NC, negative control small interfering RNA; si-RNA, small interfering RNA.](etm-19-05-3355-g02){#f3-etm-0-0-8600}

![circRNA_101951 modulates EMT of CRC cells. (A) Reverse transcription-quantitative PCR was used to examine the mRNA expression levels of KIF3A, E-cadherin, vimentin, N-cadherin and snail in SW480 cells transfected with si-circRNA_101951 or si-NC. (B) Western blotting was used to examine the protein expression levels of KIF3A, E-cadherin, vimentin, N-cadherin and snail in SW480 cells transfected with si-circRNA_101951 or si-NC. The data shown represent the mean ± standard deviation (n=3). ^\*\*\*^P\<0.001. circRNA, circular RNA; KIF3a, kinesin II family member 3A; si-NC, negative control small interfering RNA; si-RNA, small interfering RNA.](etm-19-05-3355-g03){#f4-etm-0-0-8600}

###### 

Primer sequences.

  Names            Sequence
  ---------------- -------------------------------------------------------------------------------
  circRNA_101951   F, 5\'-TTAGTGACAAGGATCCAGGCGG-3\' and R, 5\'-TCCTCAGAAGCAGCCAGTACATCTC-3\'
  KIF3A            F, 5\'-ACGCTGACGACATGGATAGAATCATG-3\' and R, 5\'-CAGTTTGGAGTTCCGATACGGCAC-3\'
  E-cadherin       F, 5\'-CGAGAGCTACACGTTCACGG-3\' and R, 5\'-GGGTGTCGAGGGAAAAATAGG-3\'
  N-cadherin       F, 5\'-AGCCAACCTTAACTGAGGAGT-3\' and R, 5\'-GGCAAGTTGATTGGAGGGATG-3\'
  Vimentin         F, 5\'-TGGCACGTCTTGACCTTGAA-3\' and R, 5\'-GGTCATCGTGATGCTGAGAA-3\'
  Snail            F, 5\'-CCTTCTCTAGGCCCTGGCT-3\' and R, 5\'-AGGTTGGAGCGGTCAGC-3\'
  GAPDH            F, 5\'-GAAGGTGAAGGTCGGAGTC-3\' and R, 5\'-GAAGATGGTGATGGGATTTC-3\'

circRNA, circular RNA; KIF3A, kinesin II family member 3A; F, forward; R, reverse.

###### 

Relationship between clinical features and circRNA_101951 expression in patients with colorectal cancer.

                     circRNA_101951 expression                     
  ------------- ---- --------------------------- ----------------- --------
  Age (years)                                                      0.349
       \<55     33   20 (9.94±1.56)              13 (12.09±0.39)    
       ≥55      29   11 (9.48±0.97)              18 (12.26±0.61)    
  Sex                                                              1.739
       Male     32   17 (9.57±0.87)              15 (12.11±0.55)    
       Female   30   14 (9.33±1.12)              16 (11.93±0.73)    
  TNM stage                                                        \<0.01
       I-II     25   23 (9.75±0.58)              2 (10.79±0.83)     
       III-IV   37   8 (10.23±0.75)              29 (12.56±1.25)    
  Tumor size                                                       \<0.01
       \<5 cm   24   20 (9.56±0.29)              4 (10.56±0.57)     
       ≥5 cm    38   11 (9.27±1,12)              27 (12.63±0.95)    
  Metastasis                                                       \<0.01
       No       30   24 (9.36±0.82)              6 (10.25±0.81)     
       Yes      32   7 (9.73±1.34)               25 (13.051±28)     

circRNA, circular RNA; TNM, tumor node metastasis.
